This study was designed to evaluate if the immunosuppression typically observed during the immediate periparturient period (3 weeks before and after calving) in dairy cows influences the effectiveness of diagnostic tests for the detection of Johne's disease; and, if providing additional energy to the cows during this period would minimize any immunosuppressive effects. Twelve dairy cows naturally infected with Mycobacterium paratuberculosis were fitted with rumen cannulas in late gestation and assigned to treatment groups: control, n ϭ 6; or stuffed, n ϭ 6. Cows in the control group were allowed to consume feed ad libitum. Cows assigned to the stuffed treatment group were also fed ad libitum but received additional total mixed ration by manually stuffing their rumens with refused feed to maintain a dry matter intake of 2% body weight/day before calving and 2.5% body weight/day after calving. Parturition had a significant impact on immune function with significant reductions in M. paratuberculosis-specific antibodies detected in the serum and milk regardless of treatment group. Similarly, in vitro immunoglobulin production was decreased at calving for both treatment groups. In addition, stuffing cows modulated cell-mediated immune function by reducing antigen-specific lymphocyte proliferation and interferon-␥ production after calving. Shedding of M. paratuberculosis in the milk was apparent in 58% (7/12) of cows after parturition with no difference noted between control and stuffed animals. Parturition had no major effect on fecal shedding of cows regardless of treatment. These data suggest that parturition had a significant effect on immune function parameters including diagnostic tests for paratuberculosis. Furthermore, providing additional energy to cows with Johne's disease did not preclude immunosuppressive effects during the periparturient period.
Introduction
Paratuberculosis is associated with a long period of latent subclinical infection. Most animals become infected with Mycobacterium paratuberculosis as neonates and seem to be able to control the infection for variable periods of time. In fact, a significant subpopulation of animals may be chronically infected yet never demonstrate any of the typical clinical signs of disease such as diarrhea, emaciation, or submandibulary edema. In contrast, other animals within the same herd may segue from subclinical to clinical disease more easily. Stressors such as parturition and the initiation of lactation may influence the progression to clinical disease in infected animals. Parturition evokes significant changes in immune function with observed reductions in innate immunity such as neutrophil and macrophage function and also reduced T-cell and Bcell function. 2, 5, 6, 14 This immunosuppression may be affecting the cow's ability to control new infections that From the USDA-ARS, National Animal Disease Center, Bacterial Diseases of Livestock Research Unit, Ames, IA 50010 (Stabel) , and the USDA-ARS, National Animal Disease Center, Periparturient Diseases of Cattle Research Unit, Ames, IA 50010 (Goff) . 1 Corresponding Author: Judith R. Stabel, USDA-ARS, National Animal Disease Center, Bacterial Diseases of Livestock Research Unit, Ames, IA 50010.
can occur at this time such as metritis and mastitis, or, in the case of paratuberculosis, to control chronic subclinical infections that have remained latent for some time. Periparturient immunosuppression may be confounded by reproductive hormonal fluctuations during the periparturient period, in particular, spikes in cortisol levels that occur at calving. 2, 7, 22 Metabolic stressors such as negative energy, protein, and calcium balance associated with parturition and the onset of lactation may also play a role in the loss of immune cell function. 1, 4, 13 These factors may contribute to the progression of Johne's disease from a subclinical to a more clinical state after parturition. This study was designed to evaluate the effects of parturition on immune function in cows with Johne's disease and to determine if additional energy would alleviate some of the immunosuppression typically noted during the periparturient period. The immune parameters measured were selected to determine if parturient immunosuppression would influence typical immune-based diagnostic tests for Johne's disease.
Materials and methods
Animals. Twelve cows with paratuberculosis and in the last month of gestation were used in this study. Cows were Holstein (n ϭ 10), Brown Swiss (n ϭ 1), and Guernsey (n ϭ 1). All cows were multiparous, with parity ranging from 3 to 9. The majority of the cows were already on-site as part of the herd used by the Johne's disease research project. Additional cows that were purchased for the study were identified as naturally infected before purchase by serum antibody to M. paratuberculosis. These results were further validated using an in-house (enzyme-linked immunosorbent assay) ELISA test. All cows were asymptomatic during the study but were positive on one or more diagnostic tests for M. paratuberculosis (fecal culture, ELISA, interferon [IFN]-␥). Only 4 cows were shedding M. paratuberculosis in their feces at the start of the study (n ϭ 2, Ͻ10 cfu/g; n ϭ 2; 10 to 50 cfu/g). All cows were surgically fitted with rumen cannulas and allowed to recover at least 1 mo before initiation of the study. Individual animals were assigned to treatment groups in a random manner. The average body weight of cows was 689 Ϯ 22 (range 603-762) and 742 Ϯ 46 kg (range 595-929) for control and stuffed cows, respectively. The Brown Swiss was allotted to the control group, and the Guernsey was allotted to the stuffed group. Body condition scores for all cows were good, ranging between 4 and 5 (beef score system). All animals were housed in American Association for Accreditation of Laboratory Animal Careaccredited facilities, and all animal-related procedures were approved by the Institution Animal Care and Use Committee (National Animal Disease Center, Ames, IA).
Study protocol. The study period extended from 3 wk before calving to 3 wk after calving. Control cows were offered feed at 2% of their body weight, and refused feed was recorded daily. The stuffed group was also offered the same diet at 2% of their body weight each day, but the refused feed was manually placed into the rumen 3 times per day, once at each feeding and one other time in the late evening. All cows were fed a corn silage-based diet with added ground corn, soybean meal, and alfalfa hay and randomly assigned in equal numbers to either treatment group (control or stuffed). All cows received an anion-supplemented diet before calving to minimize blood calcium changes. The postcalving diet did not contain the anion source, and the amount of soybean meal was increased in the ration. For the 3 wk after calving, all cows were offered 2.5% of their body weight each day. Stuffed animals continued to have refused feed stuffed into their rumens 3 times per day.
Sampling and analyses. Blood and fecal samples were obtained every 3-4 days for 3 wk before calving and 3 wk after calving. Peripheral blood mononuclear cells (PBMC) from blood obtained in 2 ϫ acid-citrate-dextrose were isolated for lymphocyte proliferation and in vitro immunoglobulin assays on these sampling dates. Whole blood obtained in sodium-heparin tubes was used to set up stimulation assays for IFN-␥ analyses. Fecal samples were cultured for quantitative shedding of M. paratuberculosis. Milk samples were taken at calving and daily thereafter for 3 wk and stored frozen at Ϫ20 C until analysis.
Culture of M. paratuberculosis from feces and milk. Fecal samples were cultured on Herrold egg yolk medium (HEYM) using the double decontamination-double centrifugation technique as previously described. 16, 17 Milk samples were thawed, vortexed, and 20 ml was aliquoted into 50-ml sterile conical tubes. a Samples were centrifuged at 2,000 rpm for 20 min at 4 C. The whey fraction was decanted, and the cream and pellet fractions were decontaminated with 5 ml of 0.75% hexadecylpyridinium chloride b for 5 hr at 37 C. Samples were then centrifuged at 2,500 rpm for 30 min at 4 C. The resulting pellet was resuspended in 1 ml of phosphate-buffered saline (PBS; 0.15 M). Two culture tubes of HEYM containing mycobactin J c (2 mg/liter) and antibiotics b (naladixic acid [50 g/ml]; vancomycin [50 g/ml]; amphotericin B [50 g/ml]) were inoculated with 0.1 ml of the suspension. Cultures were incubated at 37 C for 6 mo and read at 4, 6, 8 and 26 wk. Presence of viable colonies on agar slants was confirmed by Ziehl-Neelson acid-fast stain. Specificity of the colonies was determined by a nested polymerase chain reaction (PCR) procedure for amplification of the IS900 gene as previously described. 19 Lymphocyte proliferation. Peripheral blood mononuclear cells were isolated from whole blood and plated at a density of 2 ϫ 10 5 cells/well in 96-well tissue culture plates in culture medium (RPMI-1640 containing 25 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, d 2 mM L-glutamine, d penicillin G b (200 U/ml), and streptomycin sulfate b (200 mg/ml) containing 10% fetal bovine serum e . Media for mitogenic stimulation contained 10 g/ml of concanavalin A b (ConA), pokeweed mitogen b (PWM), or phytohemagglutinin-P b (PHAP). Media for antigenic stimulation contained 10 g/ml of a whole-cell sonicate of M. paratuberculosis f (strain 19698, MpS). The MpS was prepared as previously described. 20 Plates were incubated for 72 hr at 39 C in 5% CO 2 , then [ 3 H]methylthymidine g (5 Ci/well) was added for an additional 18 hr. Cells were harvested h on filtermats and counted on a liquid scintillation counter. i Results were expressed as counts per minute.
In vitro immunoglobulin production. Production of in vitro immunoglobulin by lymphocytes was determined, as previously described, 18 by harvesting 12-day PBMC culture supernatants after stimulation with PWM or MpS and assaying for immunoglobin M (IgM) or immunoglobin G (IgG) concentration (g/ml) by ELISA. Culture supernatants, immunoglobin (Ig) standards, and positive control sera were diluted in carbonate buffer (0.05 M, pH 9.6) and incubated overnight in a humidified atmosphere at 4 C. After 3 consecutive washes with PBS containing 0.1% Tween 80, plates were incubated for 30 min at 39 C with 1% gelatin to block nonspecific binding sites. Plates were then washed 3 times with PBS-Tween with 3-min soak periods between. After washing, plates were incubated with mouse anti-bovine Ig antibody b for 1 hr at 39 C. Plates were washed 3 times in the same manner and incubated with anti-mouse Ig, biotinylated F(abЈ) 2 fragment b for 2 hr at 39 C. After washing, streptavidin-biotinylated peroxidase complex g was added to each well and incubated for 30 min at 39 C. Plates were washed one final time, and substrate solution (40 mM 2,2Јazino-di-3-ethyl-benzthiozoline-6-sulphonic acid j [ABTS] in citrate buffer, pH 4.0) was added for a 10-min incubation at room temperature. Serum containing known concentrations of IgM or IgG was included in each test run as positive controls. Absorbance at 405 nm was measured with a plate reader. k The amount of Ig in samples was calculated by comparison with the absorbance of standards within a linear curve fit.
Interferon-␥ analyses. One milliliter aliquots of whole blood from each animal were pipetted into each of 6 wells of 24-well tissue culture plates. a Blood samples were cultured alone (nonstimulated) or with ConA at a concentration of 10 g/ml. The nonstimulated culture was included to evaluate background absorbance in each sample. Samples were stimulated with ConA, a T-cell-dependent mitogen, as a positive control to provide information about the ability of the cells to respond to stimulation and secrete IFN-␥. Samples were also plated with avium-purified protein derivative l (AvPPD), bovis-purified protein derivative l (BoPPD), johnin-purified protein derivative l (JPPD), or MpS. Final concentration of each PPD or MpS in culture was 10 g/ml. Cultures were incubated for 18 hr at 39 C in a 5% CO 2humidified atmosphere. Plates were centrifuged at 500 ϫ g for 15 min, and plasma was harvested from each well. Plasma samples were incubated in duplicate in 96-well plates precoated with an anti-bovine IFN-␥ antibody l for 1 hr at room temperature. After washing with PBS, plates were incubated with anti-bovine IFN-␥-horseradish peroxidase conjugate l for 30 min at room temperature. Plates were washed again and incubated with substrate solution (tetramethylbenzidine l [TMB]) for 30 min at room temperature. Dilute hydrochloric acid was added to each well as a stop solution, and plates were read on a microplate reader at A 650 nm . Wellcharacterized positive and negative control plasma samples were included on each plate.
Serum and milk ELISA tests. A commercial ELISA assay was used to measure M. paratuberculosis-specific antibodies in serum. m Briefly, serum samples were diluted in sample diluent containing Mycobacterium phlei to remove cross-reacting antibodies and then dispensed into 96-well plates coated with M. paratuberculosis antigen. Samples were incubated for 30 min at room temperature, plates were washed 4 times, and horseradish peroxidase conjugate was added to each well. After 30 min incubation at room temperature, plates were washed again and TMB substrate was added. Plates were incubated for another 15 min at room temperature, and a stop solution (0.125% hydrofluoric acid) was added to each well. Plates were read at A 650 nm .
Two ELISA tests were used to measure M. paratuberculosis-specific antibodies in the milk after calving. A commercial test m designed to detect Ig in plasma or serum was used to measure total Ig in the milk and was performed as previously described. 21 An in-house ELISA f was also used to measure IgM, IgG, and IgG 2 concentrations in the milk. Briefly, milk samples and control sera and milk were diluted 1:10 in PBS (pH 7.4; 0.15 M) and incubated on antigencoated plates overnight in a humidified atmosphere at 4 C. After 3 consecutive washes with PBS containing 0.1% Tween 80, plates were incubated for 30 min at 39 C with 1% gelatin to block nonspecific binding sites. Plates were then washed 3 times with PBS-Tween with 3-min soak periods. After washing, plates were incubated with mouse antibovine Ig antibody b for 1 hr at 39 C. Plates were washed 3 times in the same manner and incubated with anti-mouse Ig, biotinylated F(abЈ) 2 fragment b for 2 hr at 39 C. After washing, streptavidin-biotinylated peroxidase complex g was added to each well and incubated for 30 min at 39 C. Plates were washed one final time, and substrate solution (40 mM ABTS in citrate buffer, pH 4.0) was added for a 10-min incubation at room temperature. Positive and negative control sera, as well as a previously identified milk sample that had an antibody titer to M. paratuberculosis, were run on each plate. Absorbance was read at 405 nm/450 nm with a microplate reader.
Statistical analyses. Data were analyzed by repeated measures using PROC MIXED procedure of the Statistical Analysis System (SAS). n The model included the fixed effects of treatment (control vs. stuffed), day (time around parturition), and treatment ϫ day interaction, the random effect of cows nested within treatment, and the residual error. For each variable analyzed, cow nested within treatment was subjected to covariance structure autoregressive order 1. Means and SEM are reported for all data. When significant effects (P Ͻ 0.05) due to treatment, day, or treatment ϫ day interactions were detected, means separation was conducted by the Tukey-Kramer option in SAS. Data were also split into 2 periods: before calving (days equal to or less than 1) and after calving (days greater than 0). Data analyses were conducted as described above for the 2 periods to determine significant effects.
Results
Parturition did not markedly affect the fecal shedding status of the cows in this study (data not shown). Two of the 4 cows that were actively shedding M. paratuberculosis in their feces (Ͻ10 cfu/g) before the study continued to shed the bacteria in similar amounts during the 3 weeks postpartum. However, the remaining 2 cows (1 in each treatment group) that were shedding before parturition (10-50 cfu/g) began to shed 10-fold more bacteria into their feces after calving. Interestingly, parturition did not induce shedding in the remainder of the subclinically infected cows after calving regardless of dietary treatment. Only 1 cow that had not shed any M. paratuberculosis in her feces in the 3 weeks before calving began to shed at calving (13 cfu/g), and this cow was in the control group. No further changes in fecal shedding were noted in cows by 3 months after the conclusion of the study. However, cows were dried off at 3 weeks postpartum and returned to field barns; so stressors that might affect bacterial shedding were substantially minimized. Shedding of M. paratuberculosis in the milk was highest in colostral milk collected on the day of calving ( Fig. 1 ). Interestingly, a second peak in shedding was noted for both treatment groups around days 3 and 4 after calving. Overall, a significant (P Ͻ 0.05) day effect was noted during the 21-day period after calving.
Effects of days around parturition and treatment on the in vitro production of IFN-␥ after stimulation of cells in whole blood with M. paratuberculosis antigens is depicted in Fig. 2A, 2B . A significant (P Ͻ 0.05) treatment ϫ day interaction was noted in MpS-stimu- lated IFN-␥ production throughout the study. Treatment differences were noted with higher (P Ͻ 0.01) IFN-␥ secretion for control cows compared with stuffed cows after stimulation of cells with the MpS on days 14 and 21 after calving. Although similar trends in IFN-␥ secretion around parturition were noted after stimulation of cells with JPPD, the results were not significant. A significant (P Ͻ 0.01) day effect was observed in the secretion of IFN-␥ after stimulation with AvPPD, with a nadir observed close to calving for both treatment groups (Fig. 3A) . Although responses were somewhat erratic after calving, a rebound in IFN-␥ secretion was noted in the control cows, but production continued to decline in the stuffed cows. A marked decline in IFN-␥ response to the nonspecific stimulator, ConA, was noted in both treatment groups around parturition that approached statistical significance (P ϭ 0.10) ( Fig. 3B) . Although IFN-␥ production began to return to precalving values within 10-14 days of calving, the response was delayed in stuffed cows compared with control cows. Because of the erratic nature of the IFN-␥ response to M. paratuberculosis antigens for cows within assigned treatment groups, it was impossible to assess a percentage decline in activity for each group at parturition; however, on an individual animal basis the data clearly showed a significant decline in IFN-␥ at calving.
The results of lymphocyte proliferation assays to M. paratuberculosis antigens, MpS and JPPD, are presented in Fig. 4A, 4B . Responses to either antigen were multiphasic, regardless of treatment group. Spikes in activity were noted 14 days before calving, at calving, and 14 days after calving. Antigen-specific lymphoproliferative activity appeared to be more sustained in the control cows after calving than in stuffed cows, although statistical differences between the treatment groups were not observed. However, proliferative responses to ConA were significantly (P Ͻ 0.01) higher for control cows than for stuffed cows in the period after calving (Fig. 5) . The same trend was also observed for PBMC after stimulation with PWM or PHAP mitogens (data not shown).
Differences for in vitro IgM and IgG noted between treatment groups were minimal; however, reductions in Ig secretion were observed for most cows around calving (Figs. 6A, 6B, 7A, 7B) . Although not statistically different, a trend toward higher Ig concentrations between days 4 and 17 after calving was noted for stuffed cows compared with control animals due largely to a marked increase in Ig production between days 0 and 10 (Figs. 6A, 6B, 7A, 7B) . Serum ELISA results for seropositive cows are depicted in Fig. 8 . Regardless of dietary treatment or level of precalving antibody titer, a significant (P Ͻ 0.05) decline in antibody was observed at parturition. The decline in antigen-specific serum antibody averaged 37% and 45% for control and stuffed cows, respectively. Serum antibody levels returned to precalving levels for most cows in the study by day 14 after calving. There were no statistical differences due to treatment or parturition on milk IgM levels or IgG 2 as determined by our in-house ELISA test. Therefore, data presented are results using the commercial ELISA test (total Ig). Levels of M. paratuberculosis-specific Ig were at their highest point at calving and abruptly declined (P Ͻ 0.05) to nondetectable levels within 2-3 days after calving ( Fig. 9 ). No treatment differences were observed in milk ELISA levels.
Discussion
Providing additional feed to cows by manually stuffing their rumens did result in a more positive energy balance for these animals in this study. Stuffed cows had reduced serum beta-hydroxybutyrate and nonessential fatty acid levels (means) compared with control cows, indicating that they were not breaking down lipids as energy sources as dramatically during this period of time. 17 The energy status of cows did not affect bacterial shedding in the feces and milk in the 3-week period after calving. Unfortunately, the percentage of cows that shed M. paratuberculosis in their feces either before or after calving was very low and did not provide enough statistical weight to make appropriate conclusions about the benefit of additional energy on this parameter. Using cows in the more advanced clinical stages of disease with higher levels of fecal shedding may have presented a different picture; however, it is believed that that the combined stressors of surgery and calving would be too much for the cows in such an extreme physical state to handle. In addition, it is believed that it would be more worthwhile if one could determine if the stresses of parturition and early lactation would accelerate the state of disease from subclinical to clinical. This progression was not observed in this study, but it is conceivable that animals that are either on the edge of or already existing in a clinical state may be more profoundly affected by the stress of parturition.
The observation that colostral milk contained the highest number of M. paratuberculosis was not surprising, but the information had not been documented before this study. The suggestion that colostrum may contain high numbers of viable M. paratuberculosis has been the impetus in on-farm control strategies for paratuberculosis to reduce infection of neonatal calves by removing them from their dams immediately after birth and feeding them colostrum from known noninfected cows, a commercial colostrum replacer, or a source of pasteurized colostrum. 10 Interestingly, improving the energy status of cows did not alleviate the periparturient immunosuppression noted in this study and, in fact, seemed to exacerbate some cell-mediated immune measurements during the periparturient period. Diagnostic tools for infectious agents are commonly based on immunologic measurements. Thus far, there have been very little data to assess the efficacy of immunologic-based diagnostic tools for paratuberculosis during the periparturient period. This study demonstrates that M. paratuberculosis-specific immunoglobulin levels are lower in cows in the periparturient period and suggests that the ELISA test for the detection of seropositive cows is ineffective if used during this time. Further, it would be consistent that any measure of M. paratuberculosis-specific antibody by other methods such as agar- gel immunodiffusion and complement fixation would be ineffectual during this time period as well. The IFN-␥ assay appears to be compromised during the periparturient period as well, with reductions in activity noted at parturition in cows with positive IFN-␥ responses to M. paratuberculosis and T-cell mitogens. These results suggest that both M. paratuberculosisspecific T-cell and B-cell responses are attenuated during the periparturient period.
Periparturient immunosuppression in dairy cows has been well documented although a precise mechanism for the immunosuppression remains elusive. Changes in reproductive hormones, cortisol levels, and metabolic stressors such as negative energy, protein, and calcium balance contribute to the reduced immunity around parturition. 1, 2, 5, 13, 22 Previous reports have documented reductions in T-cell and B-cell function during the periparturient period. 2, 6, 14 Recently, a novel study demonstrated that mastectomized dairy cattle retain their immune cell populations during the peripar- turient period compared with intact controls. 8 All Tcell subset populations (CD3ϩ, CD4ϩ, CD8ϩ, and ␥␦ϩ cells) declined at parturition in intact cows, whereas CD3ϩ, CD4ϩ, and ␥␦ϩT cell populations remained constant in mastectomized cows around parturition. The function of these T-cell populations is also impaired at parturition as noted by reduced lymphocyte-proliferative responses to mitogens. 5, 14 Reduced production of IFN-␥ after stimulation of PBMC with ConA or PHA has also been observed during the periparturient period. 3 Providing supplemental feed to cows did not affect the decline in T-cell-mediated immune function noted at calving in this study. However, in the period after calving, T-cell function returned to precalving levels more rapidly and more dynamically for control cows compared with stuffed cows. It has been documented that T-cell-mediated immunity shifts from Th-1 to Th-2 responses during pregnancy. 12, 15 Therefore, energy supplementation may have further enhanced the parturition-associated Th-1-mediated to Th-2-mediated shift in cellular responses, resulting in an overall inhibitory effect on lymphocyte proliferation and IFN-␥ production by stuffed cows.
Significant declines in serum IgG 1 , IgG 2 , and, to a lesser degree IgM, occur at parturition and could correspond to reduced detection of antigen-specific antibody responses as indicated in this study. 9, 18 Generally, this decline is believed to correspond to the passive transfer of immunoglobulin into the colostrum. 9 However, previous work has demonstrated that secretion of polyclonal antibodies by PBMC is significantly reduced at parturition, suggesting that B-cell function is affected in some manner. 11, 18 Interestingly, the total number of B cells is not affected by parturition. 8, 11 In summary, diagnostic tools based on T-cell and Bcell responses by PBMC, such as antigen-specific lymphocyte blastogenesis and IFN-␥ assays, and serum ELISA may be inappropriate for use in the immediate Figure 9 . Effects of energy supplementation and parturition on milk Mycobacterium paratuberculosis-specific antibody as measured by ELISA (A 650 nm ). ELISA-positive cows were split into 2 groups (A; high titer and B; low titer) for graphing purposes. Treatment groups are cows receiving the basal diet with refused feed being discarded (controls) and cows receiving the basal diet with refused feed being manually placed in the rumen through their rumen cannulas (stuffed). Each data line represents an individual cow. periparturient period. In contrast, the likelihood of detection of M. paratuberculosis-specific antibodies in milk is much higher during the period right after calving. In addition, shedding of viable M. paratuberculosis in the milk appears to be closely associated with calving in this study. This would suggest that either culture for M. paratuberculosis organisms or detection of M. paratuberculosis DNA by PCR in first milk may be an appropriate screening tool for suspect herds. Improving energy balance by providing additional feed to dairy cows did not alleviate the immunosuppression noted at parturition and, in fact, appeared to negatively affect T-cell-mediated immune function.
